3-(Ln ) Ce to Yb) complexes has been studied on the basis of 4ff4f and Cl,3pf4f charge-transfer spectra and on the analysis of these spectra within the valence bond configuration interaction model to show that mixing of Cl 3p into the Ln 4f ligand field orbitals does not exceed 1%. Contrary to this, Kohn−Sham formalism of density functional theory using currently available approximations to the exchangecorrelation functional tends to strongly overestimate 4f−3p covalency, yielding, for YbCl 6 3-, a much larger mixing of Cl 3pf4f charge transfer into the f 13 ionic ground-state wave function. Thus, ligand field density functional theory, which was recently developed and applied with success to complexes of 3d metals in our group, yields anomalously large ligand field splittings for Ln, the discrepancy with experiment increasing from left to the right of the Ln 4f series. It is shown that eliminating artificial ligand-to-metal charge transfer in Kohn−Sham calculations by a procedure described in this work leads to energies of 4f−4f transitions in good agreement with experiment. We recall an earlier concept of Ballhausen and Dahl which describes ligand field in terms of a pseudopotential and give a thorough analysis of the contributions to the ligand field from electrostatics (crystal field) and exchange (Pauli) repulsion. The close relation of the present results with those obtained using the first-principles based and electron density dependent effective embedding potential is pointed out along with implications for applications to other systems.
I. Introduction
In this work we study metal-ligand bonding in octahedral rare earth lanthanides (Ln) hexachloro complexes, LnCl 6 3-(Ln ) Ce 3+ to Yb 3+ ). We aim at developing a computational scheme within the ligand field model, based on Kohn-Sham DFT orbitals 1 capable of predicting with reasonable accuracy energies of fff transitions. We will use the label KSDFT to denote the Kohn-Sham DFT with an exchange-correlation functional chosen in the form of the generalized gradient approximation.
The optical and magnetic properties of Ln have been intensively studied because of their unique applications for a rational design of molecular devices with predetermined optical (fluoroimmunoassays, near-infrared emitters, and analytical sensors) 2 and magnetic (smart and responsive medical magnetic resonance imaging contrast agents) 3 functions.
Correlations between molecular structures, crystal field parameters and the electronic properties allow an ultra-finetuning of the electronic levels in Ln complexes. 4 Electronic multiplets within the highly localized f n configuration of the Ln have been successfully described using various modifications of crystal field theory (CFT), [5] [6] [7] or within the angular overlap model (AOM) 8,9 both models introducing adjustable parameters which can be determined by fitting electronic spectra with high resolution. However, with increasing complexity of Ln compounds when including more than one coordinating ligand and/or coordination geometries of low symmetry, the number of parameters in both models start to exceed the number of observables. For such systems, the necessity of using first-principles, parameter-free computa-tions become increasingly pronounced in recent time. Split levels of lanthanide monoxides and monofluorides were examined in terms of energy-adjusted first-principles (quasirelativistic) pseudopotentials, 10 and an improved method has been successfully applied to LnX (Ln ) Ce, X ) O,F) diatomics.
10c However, a pseudopotential-based LF treatment did not give reliable parameters, due to numerical inaccuracies. 10c A MCSCF-CI study on LaO has been reported and the results were compared with LF caculations. 11 HartreeFock results, which provide the starting point for MCSCF calculations, are not accurate enough in these electronically highly correlated systems and computational efforts are too large to be applied for larger molecules.
One way to circumvent the difficulty of calculating the ligand fields (LF) using ab initio methods is to introduce semiempirical models, to allow calculations of both geometries and fff excitation energies. Models of this type can be applied to interpret spectra in solutions where little or no structural information about the active coordination site is known. Such computational schemes have already been developed as given, cf. the Sparkle model for the calculation of Ln complexes (SMLC) 12 (and its improvement, SMLC II 13 ) and the simple overlap model, 14, 15 . A semiempirical intermediate neglect of differential overlap method with adaption to spectroscopy (INDO/S) has also been proposed. 16 KSDFT became increasingly popular in recent time. As manifested by the groups of Baerends, Ziegler, 17, 18 and Daul, 19 it is able to predict both ground and excited states of transition metal (TM) complexes. Later, it was shown, using LnF as models (Ln ) Ce, 20a ), that energy levels of lanthanides can be calculated reasonably well by adopting pseudopotentials for the 4f electrons obtained using KSDFT. 20a Accurate density functionals for a pseudopotential are not known yet; therefore, three experimentally adjustable parameters defining the pseudopotential for each metalligand pair have been introduced in ref 20a. The parameters of this pseudopotential parametrization scheme have been regarded as more transferable than the usual ones (CFT or AOM).
Recently, a new approach has been developed in our group. 21 It is based on a multideterminant description of the multiplet structure originating from the well-defined d n configuration of a TM in the environment of coordinating ligands by combining the configuration interaction (CI) and the KSDFT approaches. In doing so, both dynamical (via the DFT exchange-correlation potential) and nondynamical (via CI) correlation is introduced, the latter accounting for the rather localized character of the d-or f-electron wave function. The key feature of this approach is the explicit treatment of near degeneracy effects (long-range correlation) using ad hoc CI within the active space of Kohn-Sham (KS) orbitals with dominant d or f character. The calculation of the CI matrixes is based on the symmetry decomposition and/or the ligand field analysis of the energies calculated (2) (a) Sabbatini, N.; Guardigli, M.; Lehn, J.-M. Coord. Chem. ReV. 1993, 123, 201. (b) . Currently, the procedure has been extended to spin-orbit coupling 22 and allows also to treat zero field splitting (ZFS). 23 The first applications of this ligand field KSDFT (LFDFT) approach to Ln complexes run into problems, however. Thus, for example, a KSDFT calculation on octahedral YbCl 6 3-using Slater type orbitals of triple-quality for 4f and the PW91-(ADF) functional yields the correct order of orbital energies a 2u < t 2u < t 1u (see section III.2) but a far too large ligand field splitting compared to experiment. 24 Likewise, the zerofield splitting of the 8 S 7/2 ground state of Gd(H 2 O) 8 3+ has been calculated 1 order of magnitude larger than experiment. 25 It was claimed that fully relativistic calculations (using a four-component DFT method) can give improved excitation energies for YbH, YbF, and YbO. 26 However, artificial spurious splittings of the Yb 4f 13 orbitals have been encountered and therefore empirical corrections introduced. Does KSDFT work always so badly for Ln complexes and if this is the case how to rectify discrepancies between theory and experiment and to improve the model?
In this paper we study systematically the whole Ln series. We analyze the complete set of spectral data, f-f and ligandto-metal charge-transfer transitions (LMCT), using the socalled valence-bond configuration interaction (VBCI) model 27 and by KSDFT. The effect of Ln-ligand bonding and its influence on the ground and excited states is studied using LnCl 6 3-complexes as models. In section II we briefly describe our KSDFT based LF models (section II.1), the oneelectron levels of Ln in octahedral field (section II.2) and give more details about the KSDFT computations in section II.3. In section III.1 we perform an analysis within the VBCI model of 4ff4f and ligand-to-metal charge-transfer spectra allowing to get for the first time reliable estimates of the extent of 4f-3p Ln-Cl mixing. In section III.2 we compare these results with calculations using KSDFT and explore in more detail the failure of the existing DFT functionals to correctly describe ligand-to-metal covalency. By eliminating artificial charge transfer contributions in sections II.1.2. and III.3 we present a computational scheme which allows to nicely reproduce ligand field splitting in LnCl 6 3-complexes. An analysis of the results will be given in section III.4 and the close relation of our approach with the pseudopotential concept 28 for the LF will be stressed. A discussion of the contribution to the pseudopotential from electrostatic (Coulombic) metal-ligand interactions and repulsive (Pauli) exchange energies provides the missing link with the firstprinciples-based and electron-density-dependent effective embedding potential proposed recently. 29 Finally, a discussion is given to provide explicit context for applications (and their possible limitations) to other systems.
II.Theory and Computations
II.1. The LFDFT for Complexes of f Elements. II.1.1. The Computational Scheme. The energy levels of a f n ion in a complex are described by the empirical Hamiltonian where the three terms represent the effect of interelectron repulsion, spin-orbit coupling, and ligand field, respectively. In LF theory, H is represented on the basis of the 14f spin-orbitals as oneelectron integrals (H SO and H LF ) and two-electron integrals (H ER ). The matrix elements of H ER , H SO , and H LF are then calculated within the basis of the ( n 14 ) Slater determinants (SD)
using the well-known Slater rules and expressed in terms of a small number of model parameters to be determined from energies of electronic transitions in experiment. These are the Coulomb repulsion (Racah R n (n ) 0, 1, 2, 3) or Slater-Condon (F k , k ) 0, 2, 4, 6)), the spin-orbit coupling constant ς, and the (in general 28 nonzero) parameters of the 7 × 7 LF matrix. The LFDFT procedure of deriving all these parameters consists of the following steps: (i) a spin-restricted KSDFT-SCF calculation on the aVerage-of-configuration (AOC) f n (with a n/7 occupation of each orbital) is carried out. In doing so, we ensure a good starting approximation with regards to a good statistical sampling of the full f n manifold. In fact, we comply with the spherical symmetry inherent to LFT when approximating matrix elements of interelectronic repulsion through atomic electrostatic parameters, e.g., Racah or Slater-Condon. We thus assign any energetic effect due to deviation of the LF orbitals from the spherical symmetry to contributions to the one-electron, LF matrix. This recipe is also consistent with the prerequisites of the LF approach, where orbital relaxation is only taken into account at the level of averaging the electron density to provide proper LF orbitals, while all SD energies for later LF treatment are calculated without SCF iteration. (ii) Using the Kohn-Sham orbitals from the first step, the energies of all SD are calculated; finally, the SD energies are utilized (using a script, written in MATLAB 30 ) to obtain all needed model parameters in a least-squares fit. There is a remarkable consistency between the energies of SD calculated using this LF parametrization and their DFT values calculated directlysstandard deviations between two sets of data usually do not exceed 0.1 eV. The parameters are used then in a full CI ligand field program to calculate energies and electronic properties of all multiplets split out of a d n or a f n configuration. In this work we focus on the 7 × 7 LF matrix, which takes a particularly simple form in the case of O h symmetry (see below). We have shown 21b that the matrix of (22) 
the LF, resulting from the many electron treatment, is essentially the same (differences between two sets of data not exceeding 1-2%) as the one obtained using the following simple recipe. Let us denote KS orbitals dominated by f functions which result from an AOC f n KSDFT-SCF calculation with column vectors V B i and their energies by i KS , the latter defining the diagonal matrix E. From the components of the eigenvector matrix built up from such columns one takes only the components corresponding to the f functions. Let us denote the square matrix composed of these column vectors by U and introduce the overlap matrix S:
Since U is in general not orthogonal, we use Löwdin's symmetric orthogonalization scheme to obtain an equivalent set of orthogonal eigenvectors (C):
We identify now these vectors with the eigenfunctions of the effective LF Hamiltonian h LF eff we seek as and the corresponding eigenvalues 〈 i |h LF eff | i 〉 with i KS . The 7 × 7 LF matrix V LF ) {h µν } is given by Remarkably, the matrix V LF is obtained in a general form without any assumptions (such as is done in CFT or the AOM). It is particularly suited in cases of low symmetry and complex coordination geometries where application of CFT or AOM, because of the large number of model parameters, is not easy.
II.1.2. Analysis of the Contributions to the Orbital Energies from LFDFT:
The BLDFT and CFDFT Models. The procedure described in the previous section allows us to calculate the matrix elements of V LF from KSDFT and thus to study the effect of the coordination geometry on the energy levels of the Ln complex. When forming a complex, the orbital levels of Ln undergo different perturbation from the ligands, which we intend to analyze more closely in sections III.3 and III.4. Quantitatively, orbital levels of a TM become affected by different terms in the one-electron Hamiltonian. First of all, nonorthogonality of metal and ligand orbitals has to be taken into account. As has been shown by Ballhausen and Dahl, 28 orthogonalizing metal and ligand orbitals leads to a component of the orbital energy which, in first approximation, scales as the square of the group overlap integral. It is equivalent to the Pauli(exchange) repulsion exerted on the metal f or d electrons by the closed electron shells of the ligand. The larger the metal-ligand overlap is, the stronger is the repulsion. Thus, TM orbitals which have a stronger overlap with ligand orbitals undergo a larger destabilization by coordinated ligands than those which have a weaker overlap. In addition to the Pauli repulsion, a destabilizing effect by Coulomb repulsion terms due to the ligand electrons takes place. This is analogous (but not identical) to crystal field perturbations, the latter being accounted for by a peculiar form of the Coulomb potential (i.e., approximating coordinating ligand nuclei and electrons by point charges, or point dipoles). Finally, electron charge transfer from the ligand to the metal orbitals (in the case of σ or π donation) or vice versa (in the case of π back-donation) can take place. In a first approximation, it also depends on the square of the group overlap integral, as postulated in the AOM. In the case of antibonding d electrons it has been interpreted, as due to an increase of kinetic energy in the bond region by Jørgensen. 31, 32 In some more mathematical terms, we used the following recipe which allows us to explore for the first time the role of the various terms in V LF using KSDFT.
The SCF procedure within the KS DFT yields a diagonal eigenvalue matrix E and a matrix of eigenvectors (columns) C which diagonalize the KS eigenproblem (eq 6). Within the basis of symmetry adapted, nonorthogonal basis functions, the latter is given by eq 6. From E and C one can reconstruct the initial KS Hamiltonian using either an orthogonal or a nonorthogonal basis set. Taking the first alternative, eq 6 can be rewritten in the form of eqs 7 or 8, where H′ and C′ are defined by eqs 9 and 10, respectively. Thus, within the orthogonal basis one obtains Neglecting ligand-to-metal charge transfer (H′ fp ), we focus now on H′ ff . As has been discussed in detail by Ballhausen and Dahl, 28 eigenvalues resulting from diagonalization of H′ ff account both for Coulombic (crystal-field-like) and for Pauli (exchange) repulsions. The latter contributions are connected with the overlap between the metal and the ligand orbitals, leading to the repulsive energy component of the LF just discussed. It is the representation of eqs 7-11 which ensures now metal-ligand orthogonality and allows us to write down the V LF in terms of a pseudopotential. 28 This being extracted from a KSDFT procedure, we call this LF-model Ballhausen DFT (BLDFT). The effect of the exchange repulsion term can be excluded if one goes from the orthogonal to the nonorthogonal basis, thus getting the original form of H back (eq 6). This is given simply by Diagonalization of the submatrix H ff yields now eigenvalues affected solely by the Coulombic contributions; we denote this model by crystal field DFT(CFDFT).
II.2. One-Electron Levels of Rare Earth Ions in Octahedral Ligand Fields. In octahedral coordination, the f orbitals give rise to a 2u , t 2u , and t 1u irreducible representations and combine with ligand orbitals as shown in Figure 1 . While the a 2u orbital has no counterparts at the ligand and is thus nonbonding, t 2u and t 1u orbitals form respectively π and σ+π bonds with ligand functions. f-orbital energies within the AOM are quantified using parameters of σ and π antibonding character, e σ , e π , or alternatively, in terms of the symmetry-independent parameters ∆ 1 and ∆ 2 (Figure 2 
H‚C ) S‚C‚E
H′‚C′) C′‚E (8) For Ln ions, spin-orbit coupling dominates over the LF interaction and is particularly large for the latter members of the 4f series. It leads to a splitting of the t 2u and t 1u orbitals to give species of Γ 7 +Γ 8 and Γ 6 +Γ 8 symmetry, 33 respectively, in the double group O* and to Γ 7 for a 2u symmetry. As can be derived (cf. Supporting Information), the combined effect of spin-orbit coupling and ligand field is described by eqs 14, yielding after diagonalization the energies of the one-electron states 2Γ 7 , 2Γ 8 , and Γ 6 (for states with one hole signs in front of ∆ 1 , ∆ 2 , and ς, the spin-orbit constant, have to be correspondingly changed). A correlation energy diagram relating one-electron levels in the single (O) and double O* group symmetries is presented in Figure 3 . It illustrates nicely the correlation of the one-electron levels in the limit of zero spin-orbit coupling ( 2 A 2 , 2 T 2 , and 2 T 1 ) with the 2 F 5/2 and 2 F 7/2 levels of the free Yb 3+ ion (we take e σ + ς ) 3000 and e π ) e σ /4 and a variable ς). e(a 2u ) ) 0 Increasing default values for numerical integration and point charges (ADF input: accint 8.0 and qpnear 10) in this case allowed more accurate results to be obtained and compared with full calculations on LnCl 6 3-. In this study we consider energy levels and ligand fields deduced from spectra of cubic elpasolites Cs 2 NaLnCl 6 and the Cs 2 NaYCl 6 : Ln and their interpretations. To mimic the effect of Na + on LnCl 6 3-, we placed point charges q behind the Ln-Cl bonds (Figure 4 ) at a distance of 2.83 Å, which equals the Na-Cl distance, and varied q between zero (for the bare anion) to q ) +1, the formal charge of Na + . As for the Ln-Cl bond distances R, sums of ionic radii of the respective Ln 3+ and Cl -have been used as given by the Tables of Shannon; 37 values of R and f-orbital occupancies are collected in Table 1 . , respectively, thus determining the radial dependence of the nonspherically symmetric component of the CF potential 39 (eq 15, Y k,m , the spherical harmonics normalized to 1). However, being determined from experiment, these parameters reflect contributions from covalency as well. Thus, they can be regarded as experimental sources for the values of e σ and e π or, alternatively, for the parameters ∆ 1 and ∆ 2 , allowing these to be obtained from the data listed in Table 2 . To do this, we make use respectively of eq 13 and eq 16 (for derivation see Supporting Information). Values of e σ and e π and ∆ 1 and ∆ 2 are listed in Tables 2 and 3(last  column) , respectively.
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III. Results and Discussion

III.1. Metal (4f)-Cl 3p Mixing from VBCI
To the extent, following the AOM, that e σ and e π can be interpreted as solely due to covalency (cf. section III.3), the VBCI model allows e λ (λ)σ,π) to be related to the transfer (hopping) integrals t pfλ and the CT energy ∆ CT , i.e., the (Figure 1 ) to the 4f orbitals of the Ln 3+ (eq 17). Experimental values of ∆ CT obtained from CT spectra of selected members of LnCl 6 3-are listed in Table 4 . They allow calculation of t pfλ as well as the extent of 3p(Cl) and 4f(Ln) mixing according to eq 18. We thus arrive at estimates of the extent of Ln-Cl covalency on the basis of experimental data. Keeping in mind that the experimentally determined parameters e λ reflect contributions not only from covalency but also from Coulomb and exchange repulsion effects, it follows that the values of the mixing coefficients estimated in such a way are upper bounds for the extent of the ligand-to-metal charge transfer. Our results clearly show that 3p-4f mixing does not exceed 1-2% and is larger for σ than for π interactions, as expected. In section III.2 we make use of this result in order to check the DFT calculations.
III.2. DFT Results.
Metal-ligand covalency in complexes with predominant ionic bonding is governed by the admixture of ligand-to-metal charge-transfer excited states into the (ionic) ground-state wave function. Within the VBCI model this is well accounted for by two parameters and their ratio t/∆ CT (see above). Generally speaking, DFT is not able to yield parameters t and ∆ CT to be compared with semiempirical ones deduced from experiment because quantities provided by the DFT will possibly depend on the particular choice of KSDFT orbitals and the functional used in their calculation. Thus, any unitary transformation among the KS orbitals will not change the density and therefore the total electronic energy of the system. Yet canonical KS orbitals are found to have chemical significance 40 and moreover are very useful in the sense that they are well suited for discussion of energies of electronic transitions in terms of orbital energy differences. Thus, from the difference between the energies of a pair of bonding (b)-antibonding (a) orbitals, ∆E ) e(a) -e(b), and the MO coefficient (c) of the metal (ligand) orbitals to a (b), effective DFT parameters ∆′ CT and t′ corresponding to the matrix can be reconstructed using the equations The MO energy diagram of YbCl 6 3-surrounded by 6 (+1) point charges ( Figure 5 ) shows three bonding orbitals 10a 1g , 7e g , and 10t 1u dominated by ligand functions as expected. For the sake of comparison, in Figure 5 , we have also shown the 4f orbitals on Yb 3+ and 3p orbitals on Cl 6 6-affected by the electrostatic field of the remaining part of the cluster which we account for by formal point charges (q ) -1 for Cl -, +1 for Na + , and +3 for Yb 3+ ). The 4f and 3p orbitals of the separate Yb 3+ and Cl 6 6-fragments are significantly split by CF (for Yb 3+ ) and the combination of the CF and Cl-Cl overlap (for Cl 6 6-). Due to the strong Cl-Cl interactions in the latter case, t 2u and t 1u 3p orbitals of Cl become destabilized and approach closely the 4f orbitals of Yb. This is the cause for an artificially large mixing between 4f and 3p orbitals; thus, Cl 3p orbitals are calculated to contribute 47 and 36% to the 3t 2u and 12t 1u MOs, respec- 
tively. According to the results in section III.1, these orbitals should be dominated by not less than 99% by 4f contributions. This is clearly an artifact connected with the anomalously large energy of the Cl-3p orbitals, falling in the same range as the 4f orbitals (see insert in Figure 5 ). Thus, application of eqs 19 and 20 to the set of the bonding (respectively antibonding) t 2u orbital, a value for t pfπ is obtained (1718 cm ) exceed the ones deduced from experiment by factors of 8 and 3, respectively (cf. last column of Table 3 ). This result does not change significantly, if instead of adding 6 counter charges with q ) 1 in the calculations of the bare YbCl 6 3-anion q is set to zero (Table  5) . When going from q ) 1 to q ) 0, ∆ 1 and ∆ 2 decrease and increase, respectively, by 14 and 20%, but the discrepancy with experiment remains. A rather different result is obtained for CeCl 6 3- (Table 5) ; here, the 4f functions of t 2u and t 1u symmetry for Ce 3+ are almost pure metal functions. In accord with this, LFDFT values of ∆ 1 and ∆ 2 (331 and 874 cm -1 ) compare reasonably to the ones deduced from experiment (390 and 1072 cm -1 , cf. Table 3 ). Again, results do not change significantly if the bare anion, instead of the charge-compensated one, is considered (Table 5) ; ∆ 1 is almost constant, but ∆ 2 increases (as in the case of Yb 3+ ) by 18%. These changes are best interpreted in terms of the AOM parameters e σ and e π (Table 5 ). Placing a positive charge behind each Ce-Cl bond correlates with a decrease of the value of e σ , while leaving e π essentially unchanged. This is also intuitively expected on the basis of the polarization by the positive point charge of the 3p σ orbitals of Cl and its weaker effect on the 3p π orbitals.
III.3. A Procedure of Eliminating Artificial 4f-3p Charge Transfer for Latter Ln Complexes in DFT.
The comparison of the LFDFT values for ∆ 1 and ∆ 2 with the experimental ones (Table 3, Figure 6 ) clearly demonstrates that the two sets of data deviate increasingly from each other when going from left to right in the series, the discrepancy being largest for Yb 3+ . While experiment does not show any significant variation of ∆ 1 and ∆ 2 across the series, ∆ 1 and ∆ 2 values obtained from LFDFT increase from left to right of the series. Is it possible to cure this situation within the KSDFT framework?
∆ 1 and ∆ 2 from LFDFT calculations can be decomposed into three different terms: Pauli(exchange) repulsion, Coulombic (CF-like) repulsion, and ligand-to-metal charge transfer (see section II.1.2). The effect of ligand-to-metal charge transfer can be eliminated in two different ways, thus allowing contributions from Pauli and Coulomb repulsion or the pure Coulombic effects to be obtained separately. These are given by the BLDFT and CFDFT models, respectively, which utilize metal orbitals which have been orthogonalized (BLDFT) or not (CFDFT) with respect to the ligand basis functions (see section II.1.2). Finally, one can discuss LF splitting approximating ligands and further electrostatic surroundings by a model potential of point charges. We denote this DFT model by CFDFT_pc. In Table  3 values of ∆ 1 and ∆ 2 obtained from LFDFT, BLDFT, CFDFT, and CFDFT_pc are compared with those deduced from the spectra. It is remarkable that the BLDFT values ∆ 1 and ∆ 2 compare nicely with experiment for most of the Ln complexes (they are underlined in Table 3 , see also Figure  7 ). Exceptions are complexes of Ce, Pr, and Nd for which the LFDFT model still yields acceptable results. For these complexes ligand-to-metal charge transfer plays an important role. It follows that, within DFT, charge transfer is essential for the earlier members of the Ln series (Ce, Pr, Nd), while it can be almost completely neglected for the rest of the Figure 5 . Orbital energies (in kK, 1 kK ) 1000 cm -1 ) from KS-DFT calculation of the charge-compensated YbCl6 3-complex (middle and insert) and of the constituent Yb 3+ (left) and Cl6 6-(right) fragments in an environment of 6(-1) + 6(+1) and (3+) + 6(+1) point charges, respectively, completing the coordination sphere in the solid. The position of the 3p orbitals for six noninteracting Cl -ions is also given. The splitting of the f orbitals and the position of the nonbonding 2t1g orbital of the Cl6 6-fragment are more clearly shown in the insert. Percentages of 4f and 5d orbitals of Yb to the MOs of YbCl6 3-are listed by normal and square brackets, respectively. Contributions from the 6s and 6p orbitals of Yb to the a 1g and t1u MOs do not exceed 3% and are not listed. III.4. Discussion. The proposed approaches for calculating the one-electron LF matrix within KSDFT-LFDFT and BLDFT are easy to perform (using the ADF program) and can be applied to other systems. Different from the combined ligand field and density functional theory, 20 in which electron density of the ligands is explicitly used to construct a pseudopotential for the f electrons with parameters adjusted to experimental data, both the LFDFT and BLDFT methods are parameter-free. Our results for YbBr 6 3-(BLDFT , Table  6 ) show a better correspondence between theoretical and experimental values of ∆ 1 and ∆ 2 for BLDFT, i.e., when excluding contributions due to ligand-to-metal charge transfer. This is similar to YbCl 6 3-as well as to the other complexes of the latter Ln's. Turning to complexes of the 3d series, the situation changes completely, however. In Table 6 10Dq values for CrCl 6 3-resulting from the various DFT-based computational schemes to obtain V LF are listed. Here comparison with experiment shows that the full LFDFT calculation of 10Dq yields better results. As in the case of the early LnCl 6 3-complexes (Ln ) Ce, Pr, Nd), ligand-tometal charge transfer is essential here and even dominates over both the Pauli(exchage repulsion) and the Coulombic effects, thus being the main factor which determines 10Dq. This is in line with earlier discussions of the origin of the LF for 3d, 4d, and 5d TM complexes as due to metal-ligand covalency. 31 Yet another manifestation of this observation is the nephelauxetic effectsthe lowering of integrals of interelectronic repulsion in complexes compared to those of the free TM ions (see also the discussion in ref 21a).
The BLDFT scheme is particularly suited for cases in which, such as in latter Ln complexes, ionic metal-ligand interactions are dominating. The neglect of charge transfer between the metal and ligands turns out to be reasonable here and is equivalent to freezing out the electron density on the ligands, while treating their influence on the TM quantum mechanically. The BLDFT approach can be thus related to the orbital-free embedding potential derived as the consequence of the Hohenberg-Kohn variational principle which leads to Kohn-Sham-like one-electron equations for the orbitals representing the embedded subsystem. Finally, the good agreement between our BLDFT results for the latter Ln's allows us to state that pseudopotential theory, 44 when applied to the LF of Ln (Ln ) Sm to Yb) complexes, bears physical significance. These results show the potential of modeling the multiplet structure of 4f n and 3d n configurations using atomic-like DFT programs to reduce significantly the computational efforts in more complex systems. Studies in that direction are in progress. 45
IV. Conclusions and Outlook
(1) Our analysis of f-f and charge-transfer spectra of 4f LnCl 6 3-have shown that mixing of Cl 3p into f orbitals does not exceed 1%. Comparing this result with Kohn-Sham calculations for the same systems permits us to conclude that mixing between metal 4f and Cl 3p orbitals for nearly all the Ln, except for Ce, Pr, and Nd, are largely overestimated by Kohn-Sham orbitals, obtained using the currently available approximations to the exchange-correlation potential. They lead to artificially high values of LF splitting of the 4f orbitals. In this work, we propose a model (BLDFT) in which such contributions are excluded, combining thus the advantages of the Kohn-Sham formalism and the description of the ligands field by means of a pseudopotential.
(2) The comparison of the results obtained from KohnSham orbitals based ligand field theory (LFDFT) and the BLDFT scheme with experiment allows exploration of the role of ligand-to-metal charge transfer for energies of f-f and d-d transitions and to adjust KSDFT from some drawbacks connected with overdelocalization due to the exchange and correlation functionals in use. While for complexes of Ce,Pr and Nd both ligand-to-metal charge transfer and exchange(Pauli) repulsion are shown by our calculations to play a significant role, for the latter members Reference 43. of the Ln series (Ln ) Sm to Yb), Pauli repulsion seems to play a decisive role. For all LnCl 6 3-complexes crystal-fieldlike contributions to the LF have been calculated to be less important, contrary to usual assumptions implied when interpreting spectra of Ln in terms of CFT-like models. The first calculation to CrCl 6 3-yields result in lines with the usual considerations: dominance of ligand field splitting by metalligand covalency (charge transfer).
(3) The results from our study lend support to recent parametrizations on the LF for rare earths, the simple overlap model, 14, 15 and the combined ligand field-density functional theory pseudopotential method, 20 both combining features of the CF theory with a more adequate description which takes metal-ligand overlap into account.
(4) The simple BLDFT procedure proposed in this study is very useful for making analysis and comparing the results with the more rigorous, first-principles orbital-free embedding method. 29 (5) We should finally note that the LFDFT model will intrinsically fail in cases (not encountered for the complexes considered in this study) where, because of low or even inverse (negative) ligand-to-metal charge transfer energy, the nature of one or more KS orbitals as being dominated by 4f functions will be highly violated. In cases such as this, and because of the decontamination procedure adopted, the BLDFT model can still be applied. However, situations of that type are very unlikely.
